Effect of Nanoclay, Cloisite15A on the Mechanical Properties and Thermal Behavior of Glass Fiber Reinforced Polyester  by Binu, P.P. et al.
 Procedia Technology  25 ( 2016 )  846 – 853 
Available online at www.sciencedirect.com
ScienceDirect
2212-0173 © 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the organizing committee of RAEREST 2016
doi: 10.1016/j.protcy.2016.08.191 
Global Colloquium in Recent Advancement and Effectual Researches in Engineering, Science and 
Technology (RAEREST 2016) 
Effect of nanoclay, Cloisite15A on the Mechanical Properties and 
Thermal behavior of Glass Fiber Reinforced Polyester 
Binu P Pa*, K.E. Georgeb, M.N. Vinodkumara 
aCochin University of Science and Technology, Kochi-682021 
bAlbertian Institute of Scence and Technology, Kochi-682021   
Abstract 
A series of glass fiber reinforced polyester nanocomposites have been prepared with varying compositions viz., 0, 
0.5, 1, 1.5 and 2 wt % Cloisite15A as nanofiller. . The effects of nanoclay content on the mechanical, dynamic 
mechanical and thermal properties of nanocomposites were studied. Tensile testing, Impact testing, Dynamic 
Mechanical Analysis and Thermogravimetric analysis are employed to investigate mechanical and thermal 
characteristics. Tensile and impact test results are pointing to the optimum percentage of clay loading as 1%. Also 
the Tensile modulus attains the optimum status at 1% filled samples for different Cross head speed (CHS). Dynamic 
mechanical behavior does not indicate any consistent behavior. However the storage modulus showed an improved 
performance for 1% nano filled sample. The glass Transition Temperature, Tg falls in the range 95 to 110 oC for all 
samples. Thermogravimetric Analysis indicates the first phase of degradation starts around 200 oC for all samples. 
The fractured surface analyzed by Scanning Electron Microscopy(SEM) indicate brittle nature of fracture for pure 
polyester reinforced with glass fiber mat,  Whereas the fracture changed to ductile nature by the addition of nano 
clay. 
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1. Introduction 
Fiber-reinforced polymer composites are one of the most widely used composite materials [1]. The addition of 
fibers to the polymer matrix increases the mechanical strength of the composite material as compared to the neat 
polymer. Many investigations in this field already have been done. Investigations of Kornmann et. al. [2] reported 
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increase in flexural strength of glass fiber-reinforced polymer composite laminates using nanoclay/epoxy matrix 
system. Yuan Xu et. al. [3] investigated the, effect of nanoclay content on flexural strength and fracture toughness of 
carbon fiber reinforced epoxy/clay nanocomposites. Tensile and bending tests performed on nanocomposites 
showed that with the addition of nanoclay, the tensile strength increased and then decreased where as the flexural 
strength increased with addition of nanoclay up to 5 wt%. The hardness of the nanocomposites also increased with 
increasing nanoclay content. Researchers have attempted to improve the properties of epoxy composites via adding 
nanoclay. The effectiveness of reinforcement essentially depends on the adhesion between matrix and fiber, which 
will be contributed by nanoclay. [4-7] 
Conventional static tests such as tensile, bending and impact tests are usually performed to characterize the 
mechanical properties of composites. Because fiber-reinforced thermoplastic composite materials can undergo 
various types of dynamic stressing during service, studies on the dynamic mechanical properties of these materials 
are of great importance.[8] Studies by Amash and Zugenmaier [9] reported an increase in the stiffness and a 
decrease in the damping with increasing glass fiber content in polypropylene (PP) composites. Considerable 
improvement in the storage modulus values is seen when fibers are added whereas their mechanical loss factor 
(damping) was lower.[10] Cho and Bahadur [11] reported that the addition of nano-CuO could generally enhance 
the wear resistance of short fiber-reinforced polyphenylene sulfide. Li Chang and Klaus Friedrich [12] investigated 
the role of the nanoparticles in modifying the sliding wear behavior of SFRPs. Javad et. al. [13] investigated the 
effects of nanoclay particles on impact and flexural properties of glass fiber-reinforced unsaturated polyester (UP) 
composites. Sudirma et. al. [14] investigated the dispersion of silica in unsaturated polyester resin matrix. Good 
dispersion of silica creates high mechanical properties. The reinforcement in the system may differ in concentration, 
concentration distribution and orientation. [15] Addition of nano particle to GFRP laminate increases the mechanical 
property such as tensile strength and tensile modulus without considerable weight increment. The filler material will 
act as an additional reinforcing component. But its tensile behavior at higher strain rate is not satisfactory as 
compared that in low strain rate. [16] 
The present study concentrated on the analysis of the effect of nano filler (Cloisite15A) on the glass fiber mat 
reinforced polyester. Effect of various weight percentage of nano filler used and its effect on mechanical, thermo 
mechanical properties and thermal degradation were studied.    
 
2. Experimentation 
 
2.1 Materials and methodology 
 
Isophtalic polyester resin used as matrix. The curing reagents used are cobalt naphthenateand methyl ethyl 
ketone peroxide (MEKP). 25 to 30 % styrene also used to reduce the viscosity of the mix for easy processing of the 
composite. The glass fiber mat used as reinforcement was 200 gsm woven fabrics. 
Firstly, the nano filler (Cloisite15A) was dried in an oven at a temperature of 80 °C for 24 hrs to remove the 
moisture. Then weighed quantity of nano clay and isophthalic polyester resin was mixed together in a beaker with 
mechanical stirrer for about 30 minutes at ambient temperature conditions. Then the mixture was placed in a high 
intensity ultra sonicator for 30 minutes. External ice bath was used to prevent the heating of the mix during 
ultrasonication process. Once the process was completed, weighed quantity of catalyst, Cobalt naphthenate added 
and stirred well using a glass rod. Then the accelerator Methyl Ethyl Ketone Peroxide (MEKP) is added and stirred. 
Then the mix is used for the preparation of Glass fiber reinforced polyester nano composite through hand layup 
technique. A ceramic tile of smooth surface is placed over the table is applied with wax as mold releasing agent to 
facilitate the easy removal of the sample. Then a coat of the mix polyester and nano clay prepared is applied over the 
tile surface using a brush and a roller is applied to make the coating of uniform thickness. Then the first layer of 
glass fiber mat is placed over the coat of mix. Further the mix is again applied in thin layer by using the brush. The 
processes have been done for five layers of glass fiber mat.  The closed mould was kept under pressure for 24 hrs at 
room temperature. To ensure complete curing the blended nano composite samples were post cured at 70ºC for 1 hr. 
and the test specimens of required sizes were cut out from the sample sheet by water jet machining. The specimens 
have been prepared through same procedure for varying the weight of clay i.e. without clay (pure polyester- 0 % 
clay), 0.5 % clay, 1 % clay, 1.5 % and 2 % clay. A similar procedure has been adopted by Chakradar et.al. [17] 
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2.2 Mechanical Testing  
Samples for Tensile test were prepared in dumbbell shape with dimensions as per ASTM D 638-03 standard. 
In each case, five samples were tested and the average value was tabulated. The samples were loaded in tension at a 
cross-head speed of 0.5 mm/min, 5mm/min and 50 mm/min to determine their tensile behavior. Tensile test was 
carried out using universal testing machine (IUTM Zwick). Impact strength of the blended nanocomposite was 
measured using an Izod impact tester. The impact test samples were made according to ASTM D 4812 
specifications. This test was carried at ambient conditions using pendulum impact tester (FIE-model IT 30). In each 
case, five identical samples were tested and their average load at first deformation was tabulated [17]. 
 
2.2 Dynamic Mechanical Analysis (DMA)   
The specimen prepared in to the size 32.5 mm lengths, 12 mm width and 1mm thickness through water jet 
machining. The measurement was carried out using a dual cantilever mode in dynamic mechanical analyzer. The 
experiment conducted in DMA, under an oscillating frequency of 10 Hz and 100 Hz. Measurements were done for 
each case separately in the temperature range 20°C to 140°C at the heating rate of 2 °C/min. The signals are 
automatically used to determine the dynamic storage modulus (G’), loss modulus (G’’) and the damping factor 
(tanį), which were plotted as a function of temperature. [18] 
 
Table: 01, tensile test results 
 
% weight 
of filler 
 CHS = 0.5 mm/min  CHS = 5 mm/min  CHS = 50 mm/min 
Tensile 
strength in 
MPa 
Tensile 
Modulus  in 
MPa 
Tensile 
strength in 
MPa 
Tensile 
Modulus  
in MPa 
Tensile 
strength in 
MPa 
Tensile 
modulus in 
MPa 
0 167.71 5669.44 159.46 4911.38 215.24 4065.44 
0.5 176.47 6695.34 217.58 6699.28 246.29 6912.96 
1 194.58 6442.61 234.40 5935.96 239.82 6020.92 
1.5 181.16 4525.09 219.70 5195.31 217.28 5578.55 
2 143.07 3830.52 190.18 4004.06 202.22 4761.58 
 
2.3 Thermo Gravimetric Analysis (TGA) 
The thermo gravimetric analysis (TGA) was carried out with the help of TA Q500 instrument. The tests were 
carried out in the temperature range from 0 to 800 oC under air as atmosphere. Specimen with and without clay i.e. 
pure polyester (0 % clay), 0.5 % clay, 1 % clay, 1.5 % clay and 2 % clay were subjected to Thermo gravimetric 
analysis.  
 
Table: 02, Impact test results 
 
% wt. of 
filler 
Thickness 
of the 
specimen in 
mm 
Specimen 
width in 
mm 
Impact 
energy 
(specimen) 
in J 
impact 
energy 
in J/m 
Impact 
strength  
kJ/m2 
0 0.479 12.86 0.76 1089.40 84.71 
0.5 0.875 12.81 1.05 1054.94 84.03 
1 0.936 12.93 0.59 1191.94 92.69 
1.5 0.941 12.77 0.92 988.62 76.88 
2 1.203 12.84 0.97 1024.80 80.09 
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3.  Results and discussion 
 
3.1 Mechanical Characterization  
Mechanical characteristics examined through tensile testing and impact testing. Table 01 shows the tensile test 
results at different loading rates (Cross Head Speed, CHS) 0.5 mm/min, 5 mm/min and 50 mm/min. The results are 
plotted in Fig. 01. The tensile modulus is high for 0.5 and 1% nanoclay filled sample as compared to 0% nanoclay 
filled sample. However there is a decrease in the value of tensile modulus value with further addition of nanoclay in 
to the polymer matrix. Adding nanoclay will improve the stiffness of the polymer. However adding more nanoclay 
may cause agglomeration of the clay and in effective mixing of clay in polymer matrix which will be the reason for 
the decrease in the tensile modulus as well as tensile strength [23]. Impact test results are given in Table: 02 for 
specimen prepared by varying the weight percentage of nano filler from 0 to 2 %.  From fig. 02, the plot of impact 
strength with weight percentage of nanoclay, it is clear that the impact strength increases with the addition of clay. 
This trend is visible for specimen with 0.5 and 1 % nanoclay. Further addition of nanoclay causes the decrease of the 
impact strength, but only to a limited level. This is due to the fact that adding nanoclay will improve the 
compressive strength and energy absorption characteristics. Studies also revealed the improvement of inter laminar 
shear strength by the addition of nanoclay to polymer, which also may contribute to the enhancement of impact 
strength [13]. As the fiber breaking occurs in tensile testing, the effect of nanoclay does not indicate any notable 
change for tensile strength as well as tensile modulus. In case of impact behavior, the specimen being not subjected 
to any breakage, the nanoclay may have some influence on reinforced polyester.   
 
3.2 Dynamic Mechanical behavior 
 
3.2.1 Storage modulus (G’) of nanocomposite 
Fig-03 displayed the plot of storage modulus (G’) as a function of temperature for the GFRP nanocomposite 
with different weight percentage addition of nano clay. Even though there is no consistent change of storage 
modulus with increase of clay content, 1% nanoclay filled nanocomposite has high value of storage modulus. This 
trend is evident for results obtained from experiments in both frequencies 10 and 100 Hz as well as at various 
temperatures. The stiffness effects introduced by nanoclay enable the composite to sustain high storage modulus 
value [19]. A mechanical reinforcement effect is increasing with the nanoclay content. The storage modulus is high 
for frequency 100 Hz as compared to 10 Hz. This is an indication of the increase in the stiffness with the addition of 
nanoclay. As can be seen, the initial value of storage modulus is high for each sample at the ambient temperature 
due to the fact that, at this stage the molecules are in the frozen state, therefore they retain high stiffness properties 
in the glassy condition. G’ is higher when the molecular movement is limited or restricted and it consequently will 
cause the storage of mechanical energy increased. The stiffening effect was more remarkable at lower temperature. 
This phenomenon was explained by the mismatch in coefficient of thermal expansion between the matrix and 
inorganic fillers, which might allow better stress transfer between matrices and fillers at low temperatures.[20] The 
pattern of decrement in the storage modulus value with the increasing temperature is due to the fact that matrix 
reaches its softening point, therefore reduced the elastic response of the material. Similar to the case of impact 
testing as the test conducted without any breakage of specimen, the nanoclay, does have influenced the storage 
modulus.  
As the temperatures approaches the glass transition temperature region, there is a large drop in the storage 
modulus values, indicating the phase transition from the rigid glassy state where the molecular motions are restricted 
to a one flexible rubbery state and the molecular chains have greater freedom to move. When the polymer and its 
composites are heated above their Tg, an increase in free volume typically occurs followed by an increase in 
molecular mobility [21]. When this occurs, the storage modulus G’ decreased. It is also observed that the curves 
tend to converge to that of pure Polyester when approaching to the melting temperature. This convergence at higher 
temperature explains the successful exploitation of Glass fiber mat as reinforcement. 
 
3.2.2 Loss Modulus (G’’) of nanocomposite  
Variation of loss modulus with temperature for various specimens of nanocomposite is as shown in fig-04. 
Similar to storage modulus, loss modulus also does not show any consistent behavior with clay content. But there is 
an increase in the amplitude of loss modulus pattern for the samples with 0.5 and 1.5 % clay, Which is an indication 
of the increased amount of amorphous part in that sample[19]. This indicates higher viscosity as a result of the 
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molecular movement restriction due to the presence of the fillers. Thus, the higher the clay content, the higher the 
viscosity, which at the end requires higher needs for energy dissipation. Secondly it can be concluded that the 
inclusion of nanoclay showed negligible effect to the peak temperature of loss modulus. This condition indicates 
that the inclusion of clay did not significantly affect the relaxation behavior of Polyester reinforced with glass fiber 
mat. The relaxation transition peak shown in G’’ is around 90 to 100°C. The G” peak reached a maximum peak near 
the Tg and then decreased sharply with the increasing temperature. The temperature range from 90 to 100°C 
represent a transition region from the glassy state to a rubbery state [5]. Above the transition temperature, the G” 
curve dropped gradually indicating the increase in flow of the chain movement, thus reducing the viscosity. 
 
  Fig-01, Tensile Modulus    Fig-02, Impact Strength 
 
Fig-03: variation of Storage modulus with temperature (a) frequency 10 Hz, (b) frequency 100 Hz 
  
3.2.3 Damping factor (tanį) 
Fig-05 describes the variation of tanį with temperature for different nanocomposite.  Tanį indicates the 
relative importance of both viscous and elastic behaviours of materials [20]. Referring to the fig.05, it shows that the 
range of tanį is < 1, exhibits that the fabricated composites behave like a solid. It was also shown that the 0.5, 1 and 
1.5 % clay filled nanocomposite showed a slightly higher damping than the pure polyester reinforced with glass 
fiber mat. This indicates more viscoelastic energy dissipation. [21] From the damping factor curves, Tg of the 
composites can be determined by the tanį peak temperature. It can be seen that there is no significant shift in glass 
transition temperature, Tg with clay content. The maximum peak for each curve falls at slightly the same Tg 
temperature. This phenomenon may be contributed by the factor of extremely low percentages of clay.  
 
3.2.4 Thermal Analysis 
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Fig-06 describing the variation of percentage weight loss and percentage differential weight with increase of 
temperature from room temperature to 800 oC of five different samples, i.e. with 0, 0.5, 1, 1.5 and 2 wt. % nanoclay 
of blended nanocomposite materials. In the nanocomposite, the curing rate increased with increasing clay loading 
when compared to the pure polyester FRP. For all blends weight loss was constant up to 150°C and then 
decomposition started from around 150 to 200°C. A notable variation in the degradation temperature is not evident 
from the curve with variation in the clay content. However a minor variation is evident which may be due to the 
variation in the presence of moisture content. The degradation continues with the same trend up to 320 oC with a 
weight loss of 10%. The second phase of degradation starts around 320 oC, weight loss is constant for different wt.% 
of clay filled samples, which is around 25%.  It is clear that the decomposition temperature of the nanocomposite 
shifted towards higher temperatures, indicating higher thermal stability of the polymer up to 2 wt. % clay. The 
existence of inorganic materials in polymer matrix, generally, enhances the thermal stability of nanocomposite. The 
weight-loss temperature curve shows that the residue left beyond 400°C is in line with the inorganic material content 
of each sample [19].  The degradation began at approximately 150–200 oC and ended at approximately 300 oC, and 
the mass loss percentage of 10%. These losses can be attributed to the thermal degradation of the alkyl tails (–CH2) 
and ammonium heads (–N (CH3)3) [22]. 
 
 
Fig-04, Variation of Loss modulus (a) Frequency 10 Hz. (b) Frequency 100 Hz 
 
 
Fig-05, Variation of tanį (a) Frequency 10 Hz. (b) Frequency 100 Hz 
3.3 SEM analysis 
Examination of fractured surfaces can provide information related to interfacial property and mode of 
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dissipation of materials. SEM micrographs of pure polyester, pure polyester reinforced with glass fiber mat and 1% 
nanoclay filled polyester reinforced with glass fiber mat are shown in fig-07. The neat blend sample shows brittle 
fracture surface. From the figure for 1% clay filled FRP it was observed that brittle fracture was turned to ductile 
fracture due to addition of clay particles. The agglomerated clay particles also observed from the figure. The high 
stress concentrations caused by the agglomerated particles might affect the mechanical properties, which is low 
deformation property and reduced strength by initiating early failure in the sample with 2% clay. 
 
Fig:  06, Thermogravimetric analysis, variation of (a) % weight and (b) % derived weight with temperature 
 
                                
                          (a)             (b) 
 
                                
                           (c)      (d) 
Fig-07, Scanning Electron Microscopy of fractured surfaces, (a) pure polyester resin (b) 1% nanoclay filled 
polyester resin   (c) pure polyester reinforced with glass fiber mat  (c) 1% nanoclay filled polyester reinforced with 
glass fiber mat. 
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4. Conclusions 
Mechanical and thermal properties of nanocomposite have been studied. The following conclusions can be 
drawn from the study.  
 
1. Highest Tensile modulus and tensile strength obtained at 0.5 to 1 % nanoclay filled samples. The modulus 
value for 1.5% and 2% nanoclay filled samples are low. Thus adding small quantity will contribute to the 
modulus  
2. The impact strength also peaks at about 1% nanoclay. 
3. Storage modulus is also highest at about 1% nanoclay filled samples.  
4. There is no notable improvement in thermal stability by nano filler. The degradation starts at 320 oC for all 
samples.  
5. The SEM micrographs of fractured surface indicate that pure polyester composite fail under a brittle mode; 
whereas the nanoclay filled composite fail at a ductile mode.   
 
References 
 
[1] Lagache M, Agbossou A, Pastor J, Muller D. Role of interphase on the elastic behavior of composite materials: theoretical and experimental   
      analysis. J Compos Mater .1994  p. 1140–57. 
[2] Kornmann X, Rees M, Thomann Y, Necola A, Barbezat M, Thomann R., Epoxy-layered silicate nanocomposite as matrix in glass fibre-      
Reinforced composites, J Compos Sci. Technol. 2005; 65,p. 2259–68. 
[3] Yuan Xu, Suong Van Hoa, Mechanical properties of carbon fiber reinforced epoxy/clay nanocomposites, Composites Science and    
Technology    2008, p. 854–861 
[4] B Sharmaa, S Mahajana, R Chhibbera, R Mehtab, Glass Fiber Reinforced Polymer-Clay Nanocomposites: Processing, Structure and 
Hygrothermal Effects on Mechanical Properties, Procedia Chemistry   2012, p.39 – 46 
[5] Liu WP, Hoa SV, Pugh M. Fracture toughness and water uptake of high-performance epoxy/nanoclay nanocomposites. Compos Sci Technol 
2005, p. 2364–73. 
[6] Mallick, PK, Fiber Reinforced Composites Materials, Manufacturing and Design; Marcel Dekker Inc.: New York, NY, USA, 1997. 
[7] Pukánszky, B., Maurer-Frans, H.J., Boode, J.-W. Impact testing of polypropylene blends and composites. Polym. Eng. Sci. 1995, p. 1962–
1971. 
[8] MA Rodríguez-Pérez, S Rodríguez-Llorente and  JA De Saja, Dynamic mechanical properties of polyolefin foams studied by DMA 
techniques, Polymer Engineering & Science, 1997, p. 959-965 
[9] Amash, A., Zugenmaier P, Thermal and dynamic mechanical investigations on fiber- reinforced polypropylene composites Journal of Applied 
Polymer Science , 1997, p.1143–1154 
[10]Mehdi Tajvidi, Robert H Falk, John C Hermanson,  Effect of Natural Fibers on Thermal and Mechanical Properties of Natural Fiber 
Polypropylene Composites Studied by Dynamic Mechanical Analysis , Journal of Applied Polymer Science, 2006,p. 4341–4349. 
[11] Cho MH, Bahadur S. Study of the tribological synergistic effects in CuO-filled and fiber-reinforced polyphenylene sulfide composites. Wear 
2005, p. 835–45. 
[12] Li Chang , KlausFriedrich Enhancement effect of nanoparticles on the sliding wear of short fiber-reinforced polymer composites: A critical 
discussion of wear mechanisms, Tribology International, 2010 p. 2355–2364 
[13] Javad Moftakharian Esfahani, Masoud Esfandeh, Ali Reza Sabet, High-Velocity Impact Behavior of Glass Fiber-Reinforced Polyester Filled 
with Nanoclay , Journal of Applied Polymer Science, 2012; 125, p. E583–E591,  
[14] Sudirmana, M. Anggaravidyac, E. Budiantoa, I. Gunawan, Synthesis and Characterization of Polyester-Based Nanocomposite, Procedia 
Chemistry,2012; 4, p. 107 – 113 
[15]Mariana Etcheverry and Silvia E. Barbosa ,Glass Fiber Reinforced Polypropylene Mechanical Properties Enhancement by Adhesion 
Improvement , Materials, 2012; 5, p.1084-1113 
[16]Sujesh. G and C. Ganesan, Tensile Behavior of Nano Filled GFRP at Different Strain rates, International Conference on Mechanical, 
Materials and Automotive Engineering, (ICMMAE'2012) , p.13-15  
[17]KVP Chakradhar, K Venkata Subbaiah, M Ashok Kumar and G Ramachandra Reddy, Epoxy/Polyester Blend Nanocomposites: Effect of 
Nanoclay on Mechanical, Thermal and Morphological Properties, Malaysian Polymer Journal, 2011, 6(2), p.109-118 
[18]AR Jeefferie, MY Yuhazri, O Nooririnah, MM Haidir, Haeryip Sihombing, MA, Mohd Salleh, NA, Ibrahim,  Thermonechanical and 
Morphological Interrelationship of Polypropylene-Mutiwalled Carbon Nanotubes (PP/MWCNTs) Nanocomposites, Int. J. of  Basic & Apl.  
Sciences IJBAS-IJENS , 2010; vol.10 No:04 
[19] Yang, S., Tijerina, J.T., Diaz, V.S., Hernandez, K., and Lozano, K. : Dynamic Mechanical and Thermal Analysis of Aligned Vapor Grown 
Carbon Nanofibre Reinforced Polyethylene, Composites Part B,2007; 38, p.228-235. 
[20]Zhang H, and Zhang,Z, Impact Behaviour of Polypropylene Filled with Multi-Walled Carbon Nanotubes. Macromolecular Nanotechnology, 
European Polymer Journal, 2007, p. 3197-3207. 
[21] Fateme R., Development of Short Carbon Fibre Reinforced Polypropylene Composites for Car Bonnet Application. MSc. Thesis. Universiti 
Putra Malaysia, 2006. 
[22]JM Cervantes-Uc, JV Cauich-Rodríguez, H Vázquez-Torres, LF Garfias-Mesías and DR Paul, Thermal degradation of commercially 
available organoclays studied by TGA-FTIR, Thermochimica Acta, 2007; 457, p. 92–102. 
[23]Yuan Xu, Suong Van Hoa, Mechanical properties of carbon fiber reinforced epoxy/clay nanocomposites, Composites Science and 
Technology ,2008, p.  854–861 
